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Summary:  In coming years, the first truly Earth-like planets will be discovered orbiting 
other stars, and the search for signs of life on these worlds will begin. However, such 
observations will be hugely time-consuming and costly, and so it will be important to 
determine which of those planets represent the best prospects for life elsewhere. One of the 
key factors in such a decision will be the climate variability of the planet in question - too 
chaotic a climate might render a planet less promising as a target for our initial search for life 
elsewhere. 
 
On the Earth, the climate of the last few million years has been dominated by a series of 
glacial and interglacial periods, driven by periodic variations in the Earth's orbital elements 
and axial tilt. These Milankovitch cycles are driven by the gravitational influence of the other 
planets, and as such are strongly dependent on the architecture of the Solar system. 
 
Here, we present the first results of a study investigating the influence of the orbit of Jupiter 
on the Milankovitch cycles at Earth - a first step in developing a means to characterise the 
nature of periodic climate change on planets beyond our Solar system. 
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Introduction 
 
Ever since we first looked at the night sky, mankind has asked the question “Are we alone?”. 
Until just two decades ago, the answer to that question was solely the preserve of fiction, 
fantasy, speculation and faith – we knew of no planets beyond our Solar system. As such, it 
was an open question as to whether our Solar system was a fluke, miraculously alone in the 
universe, or whether planets were instead common around other stars.  
 
The discovery of the first planets orbiting other Sun-like stars (e.g. [1][2][3]) was a watershed 
moment. Over the years, an ever-growing catalogue of exoplanets have been discovered1, and 
have revealed that the variety of planets orbiting other stars is far more diverse than we could 
ever have imagined – ranging from Jupiter and Earth-sized planets that orbit within a million 
kilometres of their host star’s surface (e.g. [4][5][6]), to planets orbiting binary stars (e.g. 
[7][8]), proposed “diamond planets” (e.g. [9][10]), and even a few moving on highly eccentric 
orbits reminiscent of the comets in our own Solar system (e.g. [11]). Coupled with our ever 
                                                            
1 For an up-to-date tally of the number of known exoplanets, we direct the interested reader to the two main 
catalogues of exoplanets on the internet –http://exoplanets.org/ and http://exoplanet.eu/ . As of 1st November, 
2013, these websites give the current tally of “confirmed” exoplanets as 755 and 1038, respectively.  
increasing understanding of our own Solar system (e.g. [12][13][14]), these discoveries have 
revolutionised our understanding of the formation and evolution of planetary systems (e.g. 
[15][16][17]). 
 
In the coming years, it is highly likely that we will discover the first truly Earth-like planets2 
orbiting nearby stars, and the search for life beyond our Solar system will be able to begin in 
earnest. However, the observations required to detect evidence of life on Earth-like planets 
orbiting other stars will be hugely time-consuming and costly – which will in turn mean that 
we will only be able to focus on the few most promising targets, at least in the early part of 
that search. So how will we chose which of those exo-Earths we should target in the search 
for life? Clearly, the proximity of the various exo-Earths to our Solar system will be an 
important factor in any decision – the closer an exoplanet to Earth, the more widely it will be 
separated from its host star, and the easier it will therefore be to observe. There are, however, 
a variety of additional factors that will play an important role in determining which of the 
exo-Earths we discover are the most promising targets for the search for life (e.g. [18][19]. 
 
One factor which will play an important role in any decision on exo-Earth suitability is the 
climatic stability of that planet. It is reasonable to assume that life will have the greatest 
chance of becoming established and thriving on a planet with a relatively quiescent climate. In 
contrast, planets whose climates oscillate dramatically and rapidly will likely represent poor 
targets for our initial search for life3. It is well established that the Earth’s climate varies on 
timescales of tens and hundreds of thousands of years as a result of variations in our planet’s 
orbit driven by the gravitational influence of the other planets in our Solar system. The 
Earth’s orbit twists and flexes as it is pulled around by the other massive objects in the Solar 
system, which results in long-term variations in the amount of energy the Earth receives from 
the Sun, averaged over any given year. These oscillations, known as the Milankovitch cycles, 
were first recognised in the late 19th and early 20th Century (e.g. [20][21][22]), and are 
thought to have driven the recent series of glacial and interglacial periods that have occurred 
over the last few million years (e.g. [23][24]).  
 
Beyond the most recent ice age, there is evidence that the Earth has experienced at least four 
other periods of glaciation through its history. The Huronian glaciation, over two billion years 
ago, is thought to have lasted approximately 300 Myr, and may well have been linked to the 
evolution of photosynthesis (which would have removed a significant amount of greenhouse 
gas from the atmosphere, causing the planet to cool) [25]. More recently, the Sturtian and 
Marinoan glaciations (~750-700 Myr and 635 Myr ago; [26][27]) are thought to have been 
some of the most extensive glaciations in our planet’s history – the archetypal “snowball 
Earth” events. It is almost certain that, during these periods of global glaciation, the 
Milankovitch cycles will have played an important role in driving the backward and forward 
march of the ice-caps on timescales of tens and hundreds of thousands of years. Indeed, 
studies of the glaciation that occurred at the end of the Ordovician and in the early Silurian 
periods (c.a. 445 Myr ago; [28]) have shown strong evidence of cyclical variations that can 
best be explained by the Milankovitch cycles of the time (e.g. [29]). 
 
Whilst for the Earth, the periodic orbital variations induced by the other planets are relatively 
small, the same cannot be said for the planet Mercury. At the current epoch, Mercury moves 
on an orbit with eccentricity approximately 0.21. On timescales of hundreds of thousands of 
                                                            
2 i.e. planets of comparable size and mass to the Earth, orbiting at a suitable distance from their host star such 
that liquid water could be present and stable upon their surface. 
3 Although recent work by Spiegel et al. (e.g. [45]) has emphasised that such behaviour could also be 
advantageous to a planet’s habitability, in particular since it could aid the rapid emergence of that planet from 
snowball-Earth states. 
years, Mercury’s orbital eccentricity varies dramatically – at times falling so low as to put the 
planet on a circular orbit, whilst at other times being driven as high as 0.45 (e.g. [30][31]. 
Were the Earth’s orbital excursions equally extreme, there would be times when our planet’s 
orbit would take it significantly closer to the Sun than the planet Venus, at perihelion, and out 
almost to the orbit of Mars, at aphelion. Such a situation would clearly have deleterious 
effects on our planet’s climate, and would likely render it a less hospitable place for the 
development of life.   
 
In this work, we present the preliminary results of a study that aims to categorise the influence 
of the giant planet Jupiter’s orbit on the scale and speed of the Milankovitch cycles 
experienced by the Earth. The key goal of this work is to build expertise that will allow future 
studies to determine the Milankovitch cycles that would be experienced by any newly 
discovered exo-Earths, in order to help determine which would be the most promising targets 
for the search for life. In section two, we describe our methodology, before presenting our 
preliminary results in section three. Finally, in section four, we conclude with a discussion of 
the future direction of our research project.   
 
Testing Jupiter’s Role 
 
To examine the influence of Jupiter’s orbit on the amplitude and frequency of the 
Milankovitch cycles of the Earth, we used the Hybrid integrator within the n-body dynamics 
package MERCURY [32], which has been widely used to address questions in Solar system 
astronomy, exoplanetary science and astrobiology (e.g. [33][34][35]). In order to properly 
account for the effects of general relativity on the orbit of the planet Mercury, we used a 
version of the MERCURY code that had been modified to take account of the relativistic 
correction to Mercury’s orbital motion. We then set up a total of 39,601 unique simulations, 
each of which ran for a simulation period of one million years, from the current epoch 
forward in time. In each simulation, the initial orbits of Mercury, Venus, Earth, Mars, Saturn, 
Uranus and Neptune were held constant at their current values. The initial orbit of Jupiter, 
however, was systematically varied in semi-major axis and eccentricity. In total, we tested 
199 unique values of the initial Jovian semi-major axis, ranging from 4.20336301 to 
6.20336301 AU, in equal steps (i.e. covering a range ±1 AU from the orbit of Jupiter in our 
Solar system, at a = 5.20336301 AU).  At each of these Jovian semi-major axis values, we 
test 199 unique orbital eccentricities, distributed evenly between 0.0 and 0.2 (for reference, 
the current value of Jupiter’s orbital eccentricity is 0.04839266)4. The orbital elements for the 
eight planets were recorded at 100 year intervals for the duration of the 1 Myr integrations. 
 
Once the simulations were complete, we used the results to create maps of the variability of 
the Earth’s orbital elements as a function of Jupiter’s initial orbit, building on earlier work 
creating dynamical maps of exoplanetary systems and the orbits of Solar system objects (e.g. 
[36][37]). These maps provide a quick visual guide to the degree of variability in the Earth’s 
Milankovitch cycles that can result from small scale changes to the orbit of Jupiter, and we 
present a number of examples of such plots in the next section. 
 
Preliminary Results 
 
In Figure 1, we present four exemplar plots that reveal how moderate changes to Jupiter’s 
orbit can have significant effects on both the periodicity and the amplitude of the 
                                                            
4 The orbital elements for the eight planets were taken from 
http://www.met.rdg.ac.uk/~ross/Astronomy/Planets.html, and are valid for epoch JD 2451545.0 (i.e. January 1.5, 
2000, UT).  
Milankovitch cycles experienced by the Earth. In that figure, the left hand panels show the 
evolution of the Earth’s orbital eccentricity (top) and inclination (bottom) for a period of one 
million years in a Solar system where Jupiter occupies its current orbit around the Sun. The 
right hand panels show the variation of the same variables for a Solar system that differs from 
the first only in the initial eccentricity of Jupiter’s orbit. In the right hand panels, rather than 
Jupiter starting on the low eccentricity orbit we see in our Solar system (e ≈ 0.048), the giant 
planet instead moved on an orbit with an initial eccentricity 0.2 (still far less than the 
eccentricities proposed for a number of candidate exoplanets; e.g. [38][39]). As can be seen, 
the variations in Earth’s orbital eccentricity differ greatly in scale between the two scenarios 
(with the high eccentricity Jupiter driving oscillations approximately five times larger than 
those in our Solar system). On the other hand, inclination variations are comparable in scale 
between the two scenarios, but the more eccentric Jupiter forces the Earth’s orbital inclination 
to vary at a higher frequency than observed in the Solar system. Whilst these are just the 
results of two simple simulations, they serve to illustrate the effect that variations in the orbits 
of the other planets can have on the Milankovitch cycles at Earth. 
 
 
 
Fig. 1:  The evolution of the eccentricity (top) and inclination (bottom) of the Earth’s orbit, 
for a period of one million years. The left hand plots show the variations in eccentricity and 
inclination for the Solar system as we know it today, with Jupiter on its current orbit. Those to 
the right show the variability if Jupiter instead moved on an initial orbit with eccentricity 0.2, 
but with all other orbital parameters the same as their current values.  
 
 
In Figure 2, we show the variation in the maximum value of orbital eccentricity achieved by 
the Earth over the one million years of integration time, as a function of Jupiter’s orbital 
eccentricity and semi-major axis. Since the maximum eccentricities achieved by the Earth 
spanned almost two orders of magnitude, the data is plotted in a logarithmic colour scale, with 
the most eccentric solutions being displayed in red, and the least eccentric shown in blue. It is 
immediately apparent that the evolution of Earth’s eccentricity varies dramatically as a 
function of Jupiter’s initial orbit. More surprisingly, the plot reveals a great deal of fine 
structure in the eccentricity evolution of the Earth. Rather than the smooth variation from 
more stable to less stable orbits that one might expect as Jupiter is moved around, we instead 
see bands of relatively strong instability and stability running from left to right across the 
figure. The broad pattern is simple and relatively clear cut – as Jupiter is moved outward, 
towards the orbit of Saturn, the typical maximum eccentricities experienced by the Earth 
increase. Similarly, there are more cases where the Earth’s eccentricity is driven to large 
values when Jupiter starts on an eccentric orbit than when it begins on a near circular orbit. 
However, the fine structure revealed in Fig. 2 shows that, beyond these general, broad brush 
stroke results, the influence of Jupiter on Earth’s orbital eccentricity is actually remarkably 
complex. There are regions with relatively small excursions for scenarios where Jupiter is 
both distant from the Sun and relatively eccentric (such as the tongue of blue that extends to 
the right at an initial eccentricity of ~0.16), and others where the Earth experiences large 
orbital eccentricities when Jupiter is on a near-circular orbit, close in to the Sun (e.g. the 
tongue of yellow extending to the left at the bottom of the figure). The cause of this fine 
structure remains to be tied down, but it seems most likely to be the result of long-term 
secular effects – and possibly the shifting of multi-body secular resonances as a function of 
Jupiter’s orbital eccentricity (e.g. [40]). Were the variations instead the result of mean-motion 
resonant5 interactions between Jupiter and other planets in the system, one would instead 
expect to see vertical structure in the figure, since mean-motion resonances are purely a 
function of heliocentric distance. It is also apparent that, although our Solar system (marked 
by the hollow circle) falls in a region of only moderate variability in eccentricity for the Earth, 
there are many architectures for the Solar system that would feature significantly smaller 
excursions in eccentricity for our planet. 
                                                            
5 A mean motion resonance between two bodies occurs when their orbital periods are an integer ratio of one 
another. The most famous mean motion resonance in our Solar system is that between Neptune and the dwarf 
planet Pluto. Pluto completes two orbits in the time it takes Neptune to complete three. Even though the orbit of 
Pluto crosses that of Neptune, their commensurate orbital periods prevent their ever experiencing sufficiently 
close encounters to disrupt their orbits. Further discussion of resonant orbital behaviour is beyond the scope of 
this work, but we direct the interested reader to e.g. [41], [42] and [43] for further discussions of orbital 
resonance and our Solar system. 
 
Fig. 2:  The maximum eccentricity of the Earth’s orbit obtained over a period of one million 
years as a function of Jupiter’s initial orbital eccentricity and semi-major axis. For each of 
the 39,601 simulations shown here, the only variables changed in the initial conditions were 
Jupiter’s semi-major axis and eccentricity – the initial orbits of the other planets were held 
constant across the suite of integrations. The hollow circle shows the location of Jupiter’s 
orbit within our Solar system. 
 
In Figure 3, we present the variability of the maximum inclination of the Earth’s orbit as a 
function of Jupiter’s initial semi-major axis and eccentricity. Here, the variability is much less 
pronounced than was the case for the Earth’s orbital eccentricity. Despite this, a number of 
similar features are shown, with fingers of increased inclination variability running from left 
to right in the plot. Once again, a concentration of solutions that feature relatively extreme 
excursions in the Earth’s orbital inclination are concentrated at low Jovian eccentricities, for 
scenarios where the giant planet is located beyond around 5.5 AU from the Sun. 
 
Fig. 3:  The maximum inclination of Earth’s orbit over a period of one million years as a 
function of Jupiter’s initial orbital eccentricity and semi-major axis. The hollow circle again 
marks the location of Jupiter’s orbit in our own Solar system. 
 
Figure 4 shows the manner in which the maximum rate of change of the Earth’s orbital semi-
major axis varies as a function of Jupiter’s eccentricity and orbital radius. In the great 
majority of cases, the Earth did not experience significant excursions in orbital radius – but 
although the results here are significantly more noisy than those presented in Figures 2 and 3, 
similar features are once again visible, with fingers of increased instability stretching from 
right to left across the figure. It is interesting to compare the results shown in Figures 2 and 4. 
There are a number of similarities between the two (such as the region of enhanced variability 
that surrounds the location of our Solar system on three sides). However, although the general 
structure of the two figures is very similar, it is noticeable that the strength of the different 
features in different locations varies significantly between the two plots. Compare, for 
example, the two broad regions of enhanced variability at both high Jovian eccentricity and 
semi-major axis, at the top right hand corner of both figures. Though the two bands of 
variability that are visible there display the same sculpting in both figures, the lower of the 
two results in far more intense variability in the eccentricity of the Earth’s orbit, whilst the 
upper yields far faster variability in the Earth’s semi-major axis. 
 
 
Fig. 4:  The maximum rate of change of the Earth’s semi-major axis over a period of one 
million years, as a function of Jupiter’s initial orbital eccentricity and semi-major axis, in 
units of log10 (AU/yr). Variations in the semi-major axis of the Earth were relatively small, 
but the figure shows how minor variations in Jupiter’s initial orbit can cause the rate of that 
change to vary by up to four orders of magnitude. 
 
Conclusions 
 
We have presented the preliminary results of a study that will investigate the influence of the 
orbit of the giant planet Jupiter on the Milankovitch cycles experienced by the Earth. Our 
results show that both the amplitude and frequency of the Milankovitch cycles would vary 
strongly as a function of Jupiter’s semi-major axis and eccentricity. Whilst one might expect 
that those variations would be relatively smooth and easy to predict, we instead find that a 
great deal of fine structure is present – with Solar systems that differ by only minor changes in 
Jupiter’s semi-major axis or eccentricity displaying significant differences in the strength and 
periodicity of the Milankovitch cycles. 
 
The next step in this work is to carry out more detail, and longer, simulations of our Solar 
system. It is possible that our choice to limit our preliminary tests to just one million years of 
run time will have abridged the longer-period oscillations for some of the more stable systems 
tested. As a result, we intend to perform simulations that last for an order of magnitude longer 
over the coming months, using UNSW’s Katana supercomputing cluster. It is also apparent 
from our plots (Figures 2 – 4), that there is significant noise around the more unstable 
solutions tested. We note that a number of our integrations resulted in critically unstable 
systems, in which one or other of the Solar system’s planets were ejected or collided with one 
another within our 1 million year time frame. Clearly, such unstable systems can result in 
dramatic variations in the Earth’s orbital elements, even when it is not the planet removed in 
this way – and this is the main reason for the speckle visible towards the highest eccentricities 
and semi-major axes. We will therefore more than quadruple our resolution in the new suite 
of runs – testing 159,201 unique architectures for our planetary system, rather than the 39,601 
presented in this work. In addition to calculating the variation of the Earth’s orbital elements 
as a function of time, we will also examine the precession of Jupiter’s orbit, which will no 
doubt vary significantly as a function of its initial semi-major axis and eccentricity. Given the 
precessional frequency of Jupiter’s orbit, it will be possible to determine the stability (or 
instability) of the Earth’s obliquity, following the procedure detailed in [44]. 
 
Once those simulations are complete, we will collaborate with colleagues at UNSW’s Climate 
Change Research Centre to bring together our dynamical models of the Solar system with 
simple climate models, in order to assess the degree to which the observed changes in the 
Earth’s orbit across the variety of Jovian orbital architectures studied would affect the climate 
of the Earth. This will allow us to get a true handle on the importance of planetary 
architecture as a drive for the climate of exo-Earths, allowing us to build a toolset that will 
facilitate the study of such planets as and when they are discovered in the coming years.  
 
The long-term goal of this work is to provide a mechanism by which the climatic variability 
of newly discovered exo-Earths can be estimated, allowing the potential habitability of those 
worlds to be assessed. Such assessment will form a critical component of the target selection 
process for the search for life on planets beyond our Solar system. Since the observations that 
will be required in order to carry out that search will be extremely challenging, it will not be 
possible to search more than the best few candidates, and so it is imperative that every avenue 
be explored in order to ensure that we can best select the most promising targets to go forward 
with the search (e.g. [18][19]). 
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